Membrane type 1 matrix metalloproteinase (MT1-MMP) is a potent modulator of the pericellular environment and promotes tumor cell invasion and proliferation in many types of tumor. The activation of proMMP-2 and processing of collagen I by MT1-MMP have been thought to be important for its tumor-promoting function. These activities can be inhibited by mutant forms of MT1-MMP lacking the catalytic domain. However, the effect of such dominantnegative mutants has never been evaluated in vivo. Various mutants lacking the catalytic domain (dCAT) were prepared and confirmed to inhibit MT1-MMP activity in human fibrosarcoma HT1080 cells, and tumor cells expressing these mutants were implanted s.c. into nude mice to monitor tumor formation. Only the membraneanchored form of a dCAT construct through the transmembrane domain [dCAT(1)] showed potent antitumor activity not only in HT1080 cells but also in gastric carcinoma MKN28 and MKN45 cells expressing MT1-MMP. A soluble form of dCAT lacking the transmembrane domain did not show such activity. The expression of dCAT(1) in MKN28 or MKN45 further prevented the metastatic spread of tumor cells into the peritoneal cavity; however, dCAT(1) showed no effect against TMK-1, another gastric carcinoma cell line expressing no MT1-MMP. It is of note that the tumorigenicity of TMK-1 cells enhanced by MT1-MMP overexpression was, in turn, canceled by the additional expression of dCAT(1). Thus, MT1-MMP expressed in tumor cells seems to play a pivotal role in tumor growth in mice. The results also suggest new possibilities to abrogate the tumorpromoting function of MT1-MMP other than the conventional protease inhibitor -based approach. [Mol Cancer Ther 2005;4(8):1157 -66] 
Introduction
Multiple matrix metalloproteinases (MMP) are overexpressed in malignant tumors and believed to contribute to tumor proliferation, invasion, and metastasis (1, 2) . Each MMP presumably has a different role in tumor progression depending on the type of enzyme, producer cell, and tumor stage (1) , however, our knowledge about the exact roles of these MMPs in tumors remains very limited. Some may contribute to antitumor activity as shown by a recent study in which MMP-8-deficient mice showed an increased incidence of skin tumor development (3) . This may also be relevant to the recent disappointing clinical trials of general MMP inhibitors, which did not improve the tumor burden of patients (4 -7) . Thus, it is of great interest to identify which MMPs should be targeted for effective tumor therapy.
Membrane type 1 (MT1)-MMP, an integral membrane protease responsible for pericellular proteolysis, is one such MMP expressed in tumors (1, 8) . MT1-MMP was identified as a tumor-specific activator of proMMP-2, believed to be important for tumor cells to invade basement membranes (9) . MT1-MMP also acts as a cell-associated collagenase, particularly cleaving collagen I at a specific site (10, 11) . Recent studies have emphasized the importance of cellmediated collagenolysis during tumor cell invasion and proliferation (12 -14) . Indeed full-length MT1-MMP promotes tumor cells to invade and proliferate in the collagen matrix (13, 14) . On the other hand, a truncated mutant lacking the COOH terminus including the transmembrane domain (soluble MT1-MMP) did not show such activity. Consistently, soluble collagenases such as MMP-1 and MMP-13 could not substitute MT1-MMP for activity to promote cell proliferation and invasion (13, 14) .
The catalytic domain of MT1-MMP is primarily responsible for its proteolytic activity (10, 11) , however, the collagenase activity of MT1-MMP is further modulated through other parts of the enzyme. For example, the hemopexin-like domain (HPX) at the COOH terminus can bind collagen I and unwind the triple helix for cleavage (11, 15) . Because of this activity, recombinant protein composed of HPX with a hinge sequence abrogated MT1-MMP to bind collagen I and inhibited collagenolysis as a result (11, 15) .
HPX also plays a role in the activation of proMMP-2 by MT1-MMP expressed on the cell surface. The catalytic domain of MT1-MMP is sufficient to carry out the activation in solution by introducing a cleavage into the propeptide sequence of proMMP-2, and the reaction is inhibited by tissue inhibitor of metalloproteinase-2 (TIMP-2), a natural inhibitor of MMPs (16, 17) . However, additional factors are required for the activation when it occurs on the cell surface mediated by the membrane-anchored form of MT1-MMP. It has been shown that an appropriate amount of TIMP-2 is indispensable in the reaction although it causes inhibition at higher doses (17) . The inhibitor domain of TIMP-2 at the NH 2 -terminal binds the catalytic site of MT1-MMP (18) , whereas its COOH-terminal domain binds proMMP-2 (19) . Thus, TIMP-2 can act as an adaptor to mediate a complex composed of MT1-MMP, TIMP-2, and proMMP-2 (8) . Through formation of the complex, proMMP-2 in the media can be recruited to the cell surface where MT1-MMP exists; however, proMMP-2 cannot be activated by MT1-MMP in the complex, because it is inhibited by TIMP-2. Neighboring MT1-MMP has to act as an activator by attacking proMMP-2 in the complex. Thus, at least two MT1-MMP molecules have to be close together for the activation reaction to occur on the cell surface. Multiple portions of MT1-MMP, such as the HPX, transmembrane, and cytoplasmic tail, have been reported to play roles in maintaining an appropriate distance between the two molecules mediating the formation of a homo-oligomer (20 -22) . Interestingly, MT1-MMP mutants lacking the catalytic domain again inhibited the activation of proMMP-2 acting dominant-negatively against MT1-MMP (20). Presumably, these mutants induced competition with MT1-MMP in the formation of the homooligomer. Expression of the mutant in an invasive human fibrosarcoma HT1080 cell line inhibited invasion of the cells into Matrigel (20) .
The dominant-negative function of the abovementioned mutants encouraged us to test the efficacy against tumor growth in vivo. Here we report the expression of a mutant MT1-MMP lacking the catalytic domain (dCAT) in different types of tumor cells, effectively suppressing their tumor growth in mice. The mutant expression also inhibited the peritoneal spread of gastric carcinomas. However, the mutant was not effective in another gastric tumor cell line, TMK-1, that did not express endogenous MT1-MMP. Additional expression of MT1-MMP in TMK-1 cells enhanced the tumorigenic activity of the cells and this enhancement was effectively canceled by the mutant. Thus, the dominant-negative MT1-MMP mutant abrogates the functions of intrinsic MT1-MMP both in vitro and in vivo.
Materials and Methods
Cells and Cell Culture All human tumor cell lines were obtained from the Japanese Cancer Resource Bank. HT1080 is a fibrosarcoma cell line, and MKN28, MKN45, and TMK-1 are gastric carcinoma cell lines. HT1080 cells were cultured in DMEM (Sigma, St. Louis, MO) with 10% fetal bovine serum and gastric carcinoma cells were in RPMI 1640 (Sigma) with 10% fetal bovine serum. Culture media were supplemented with 100 units/mL penicillin, 100 Ag/mL streptomycin (Sigma) for HT1080 cells, and 100 Ag/mL kanamycin (Invitrogen Corp., Carlsbad, CA) for gastric carcinoma cells. Cells were incubated at 37jC in a humidified atmosphere of 5% CO 2 .
Stable transfectants were established as follows: genes carried by pCEP4, which replicate autonomously, were transfected using FuGENE6 (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions, and transfectants were selected by culturing the cells in the presence of 200 Ag/mL hygromycin. The hygromycin-resistant colonies were pooled and used for the experiments. MT1-MMP cDNA carried by an eukaryotic expression vector pcDNA3.1 (Invitrogen) was transfected into TMK-1 cells using FuGENE6 (Roche Molecular Biochemicals) according to the manufacturer's instructions. Zeocin-resistant transfectants were selected and single colonies were isolated. Thus, transfectant clones (MT1-1, MT1-2, and MT1-3) expressing MT1-MMP were established.
Antibodies and Inhibitors
An anti-MT1-MMP mouse monoclonal antibody (mAb; 222-1D8) against the HPX domain was generated as described previously (Daiichi Fine Chemical, Ltd., Takaoka, Japan; ref. 23 ). The anti-FLAG epitope M2 mAb was purchased from Sigma. The anti-actin mouse antibody was purchased from Chemicon International (Temecula, CA). The peptidyl hydroxamate MMP inhibitor BB94 was a gift from Dr. Peter D. Brown (British Biotech Pharmaceuticals, Ltd., Oxford, United Kingdom).
Detection of mRNA The expression of mRNA was monitored by reverse transcription-PCR. Cells were lysed in TRIzol reagent (Invitrogen) and total RNA was isolated according to the manufacturer's instructions. First-strand cDNA was synthesized from 3 Ag of total RNA using 0.3 Ag of each random primer (Invitrogen) and 200 units of Superscript II RNase H reverse transcriptase (Invitrogen). For PCR, 1 AL of the reverse transcriptase product was used as a template. The following primer pairs were used to amplify the reverse transcriptase products: MT1-MMP, 5V -AGGCAAAGCT-GATGCAGAC-3V (forward) and 5V -CCATTCAGATCCT-CATTCCT-3V (reverse) generate a 459 bp product after 30 cycles of amplification (96jC for 30 seconds, 58jC for 30 seconds, and 72jC for 30 seconds. MMP-2: 5V -TCCCCTT-CTTGTTCAATGGCAA-3V (forward) and 5V -ACACCA-CATCTTTCCGTCACT-3V (reverse) generate a 402 bp product after 30 cycles of amplification. Glyceraldehyde-3-phosphate dehydrogenase: 5V -AAGGCTGAGAACGG-GAAGCTTGTCATCAAT-3V (forward) and 5V -TTCCCGTC-TAGCTCAGGGATGACCTTGCCC-3V (reverse) generate a 500 bp product after 30 cycles of amplification.
Construction and Transfection of Plasmids A mammalian expression vector pCEP4 (Invitrogen), which replicates autonomously depending on the encoded EBNA-1, was used for the stable expression of the transfected genes. All mutants were generated by a PCR-based method and had the following structures: dCAT (1) Western Blot Analysis Protein samples were separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane. Following a blockage with 5% fat-free dried milk in PBS containing 0.05% Tween 20, the membrane was probed with primary antibodies specific to each protein. The membrane was further probed with alkaline phosphataseconjugated goat anti-mouse IgG (Sigma) or horseradish peroxidase-conjugated anti-mouse IgG (Amersham Bioscience, Piscataway, NJ) for visualization.
Immunostaining Cells cultured on glass coverslips were fixed with 3% paraformaldehyde in PBS for 15 minutes at room temperature, washed thrice with PBS, and then blocked with 5% goat serum and 3% bovine serum albumin in PBS for 1 hour at room temperature. Cells were then treated with mouse anti-FLAG M2 monoclonal antibody (5 Ag/mL) in the blocking solution at room temperature for 2 hours. After washing thrice with PBS, cells were incubated with Alexa 488-conjugated goat anti-mouse IgG antibody (Molecular Probes, Eugene, OR) in 1:1,000 dilution in a blocking solution for 2 hours at room temperature. The cells were then washed thrice with PBS. Fluorescence signals were analyzed using a Bio-Rad (Hercules, CA) MRC-1024 confocal laser microscope.
Gelatin Zymography Gelatin zymography was conducted with a SDS-polyacrylamide gel containing gelatin (1.0 mg/mL) as described previously (20) . Samples were mixed with a nonreducing SDS sample buffer, and separated in 8.5% acrylamide gel. After electrophoresis, the gels were washed in a sample buffer containing 2.5% Triton X-100 for 1 hour to remove SDS and then incubated for 8 hours at 37jC in a reaction buffer [50 mmol/L Tris-HCl (pH 7.5), 5 mmol/L CaCl 2 , 5 Amol/L ZnCl 2 , 0.02% NaN 3 ]. The gels were stained with Coomassie brilliant blue R250, and gelatinolytic activities were detected as clear bands against a blue background.
Matrigel Invasion Assay
The Matrigel invasion assay was carried out according to the manufacturer's instructions (Becton Dickinson, San Jose, CA). Cells (1 Â 10 5 ) suspended in a serum-free medium were seeded on the upper chamber of a Matrigel-coated transwell filter (20 Ag, 8 Am pore). Fetal bovine serum (10%) was added to the medium in the lower chamber and incubated for 24 or 48 hours. Noninvading cells remaining on the upper surface were removed by scraping, and the cells on the lower surface were fixed with 100% methanol, stained by crystal violet, and counted under a microscope.
Cell Growth Assay Cells (1 Â 10 4 ) were seeded on a type 1 collagen-coated culture dish and cultured at 37jC in a humidified CO 2 incubator. The cell number was counted every 24 hours for 6 days using hemacytometry. Cell viability was assessed with trypan blue staining. For the cell growth assay in the collagen matrix, cells were suspended in 3 mg/mL of type 1 collagen (Nitta gelatin) and seeded onto a culture dish. After collagen gel was formed, cells were cultured at 37jC in a humidified CO 2 incubator. After 7 days, the cell number was counted using hemacytometry after dissolving the collagen gel with 100 AL of 1% collagenase (Invitrogen).
Animals Animal experiments were carried out according to the guidelines issued by the Committee of Animal Experiments, Institute of Medical Science, at The University of Tokyo. Male athymic BALB/c nude mice (nu/nu) were purchased from CLEA Japan, Inc., Tokyo, Japan. The mice were bred and maintained under specific pathogen-free conditions, provided with sterilized food and water ad libitum, and housed in a barrier facility with 12-hour light/dark cycles. Experimental procedures were done on 6-week-old mice. The animals were euthanized when they appeared moribund.
Tumor Growth Assay Cell tumorigenicity was examined in 6-week-old male BALB/c nude mice. Briefly, 1 Â 10 6 (HT1080) or 2 Â 10 6 (MKN28, MKN45, and TMK-1) of cells in an exponential growth phase were suspended in 1 mL culture medium with 10% fetal bovine serum. An aliquot (200 AL) of the suspension was injected s.c. into the dorsal side of the mice. The volume of the implanted tumor was measured twice a week with a caliper, using the formula V = (LW 2 ) p / 6: where where V, volume (mm 3 ); L, biggest diameter (mm); W, smallest diameter (mm). The mice were euthanized 4 weeks after tumor inoculation.
Histopathology Animals were sacrificed 14 days after inoculation and tumors were embedded in an ornithine carbamyl transferase compound and stored at À80jC. Thin tumor sections (5 Am) were prepared, fixed with cold acetone, blocked with 3% hydrogen peroxidase, and stained with Ki-67 (NovoCastra, New Castle, United Kingdom) to measure the proliferation index. The apoptotic index was analyzed by terminal nucleotidyl transferase-mediated nick end labeling assay using an in situ Apoptosis Detection kit according to the manufacturer's instructions (TaKaRa, Otsu-city, Shiga, Japan).
Intraperitoneal Dissemination Assay Exponentially growing cells (MKN28, MKN45, and TMK-1) were collected and suspended in culture medium with 10% fetal bovine serum. The cells (2 Â 10 6 /500 AL) were injected directly into the peritoneal cavity of 6-weekold male BALB/c nude mice. The mice were sacrificed at 4 weeks after injection and i.p. nodules were counted macroscopically.
Statistical Analysis
All results are presented as the mean F SE. For statistical analysis, the nonparametric Mann-Whitney test was used. For all the survival experiments, the Kaplan-Meier log rank test was applied. P values <0.05 were considered statistically significant.
Results

Expression of MT1-MMP Mutants in Human Fibrosarcoma HT1080 Cells
Various MT1-MMP mutants lacking dCAT were prepared with a FLAG-tag downstream of the propeptide sequence (Fig. 1A) and stably introduced into human fibrosarcoma HT1080 cells. The cells express MT1-MMP constitutively and its down-regulation using the small interfering RNA inhibited activation of proMMP-2 and also inhibited invasion of the cells into Matrigel (24) . Simple deletion of the catalytic domain of MT1-MMP generated dCAT(1) with the entire COOH terminus of MT1-MMP including the hinge, HPX, transmembrane, and cytoplasmic tail domains. The transmembrane and cytoplasmic tail of dCAT(1) was either truncated to generate a soluble form, sdCAT(1), or substituted with the glycosylphosphatidylinositolanchoring signal derived from MT4-MMP to generate dCAT(1)gpi. We also prepared dCAT(4) with HPX derived from MT4-MMP, which is distantly related to MT1-MMP and has no collagenase activity. HT1080 cells were stably transfected with each construct carried by pCEP4 which can replicate in the cells. Mutant expression was confirmed by Western blotting as shown in Fig. 1B, and sdCAT(1) secretion into the media was confirmed. The localization of dCAT(1), dCAT(1)gpi, and dCAT(4) on the cell surface was also confirmed by immunostaining under nonpermeabilized conditions (Fig. 1C) .
Effect of the Mutants on the Functions of Endogenous MT1-MMP ProMMP-2 activation is the best characterized function of MT1-MMP (8, 22) . First, we confirmed the suppression of proMMP-2 activation in HT1080 cells by the mutants. The activation of proMMP-2 mediated by MT1-MMP can be enhanced by treating the cells with concanavalin A (25), and MMP-2 in the medium was detected by gelatin zymography (Fig. 2A) . Cells expressing either dCAT(1) or dCAT(1)gpi caused significant reduction in the amount of the active form of MMP-2, whereas those expressing sdCAT(1) or dCAT(4) did not (Fig. 2A) . Thus, the membrane-anchored forms of the mutants effectively inhibited proMMP-2 activation. Because the ability of HT1080 cells to activate proMMP-2 has been shown mostly to be mediated by MT1-MMP in a small interfering RNA study (24) , we believe that the function of endogenous MT1-MMP was inhibited dominant-negatively by the mutants.
Endogenous MT1-MMP also plays a major role in HT1080 cells to invade the reconstituted basement membrane (Matrigel; ref. 24) . The expression of the membraneanchored forms of the mutants [dCAT(1) and dCAT(1)gpi], but not sdCAT(1) and dCAT(4), significantly suppressed invasion (Fig. 2B) . Thus, membrane anchoring of the ectodomain of the mutants seems essential for effective inhibition. In our assessment, dCAT(1)gpi showed a weaker effect than dCAT(1). This difference may be due to the lack of the transmembrane domain and cytoplasmic tail (21, 26) or to fragile membrane anchoring through glycosylphosphatidylinositol as reported previously (27) .
None of these mutants affected the growth of HT1080 cells on the collagen-coated matrix (Fig. 2C) , however, MT1-MMP is reported to regulate cell growth in a three dimensional type 1 collagen matrix (13) . Indeed, cell growth was partly dependent on MMP activities in the three-dimensional collagen matrix, as it was inhibited >50% by BB94. The expression of dCAT(1) in the cells inhibited growth to the same level as BB94 (Fig. 2D) . Weak inhibition was observed in cells expressing dCAT(1)gpi.
Effect of the Mutants onTumor Formation by HT1080 Cells
To evaluate the effect of the mutants on tumor formation in mice, HT1080 cells expressing the mutants were implanted s.c. in nude mice and the tumor size was monitored. Mock-transfected cells (Mock) formed tumors, as indicated in Fig. 3A , which neither invaded the surrounding tissue nor metastasized spontaneously (data not shown). The strong inhibition of tumor growth (87 -94% inhibition in volume) was observed with cells expressing dCAT (1) . The expression of dCAT(1)gpi also reduced the tumor size, but the effect was limited compared with that of dCAT(1). Other mutants, sdCAT(1) and dCAT(4), showed no significant effect on the tumor. Suppression observed with cells expressing dCAT(1) was not the result of increased apoptosis in vivo, because the ratio of apoptotic cells in the tumor did not differ from that of control cells [Mock and dCAT(1); Fig. 3B ]. On the other hand, the ratio of proliferating cells evaluated with Ki-67 antigen was decreased markedly with dCAT(1) in the tumor parenchyma (Fig. 3C) . Thus, the expression of dCAT in HT1080 cells inhibited the proliferation of tumor cells in vivo.
Antitumor Activity of dCAT(1) against Gastric Tumor Cells Next, we used human gastric carcinoma cell lines to test the effect of dCAT(1) on tumor growth and specificity to MT1-MMP. MKN28 and MKN45 cells express endogenous MT1-MMP (Fig. 4A and B) representing reported clinical gastric carcinoma cases (28) . However, other gastric carcinoma TMK-1 cells do not express MT1-MMP and were used as a control for MT1-MMP-negative cells. Either dCAT(1) or wild-type MT1-MMP (MT1) was stably expressed in the cells (Fig. 4C) and was assessed using a Matrigel invasion assay (Fig. 4D) . All three parental cells invaded Matrigel to varying extents. MKN28 and MKN45 cells seemed to use MMP activity in the invasion to some extent, as BB94 inhibited it significantly. BB94 did not affect the invasion by TMK-1 cells. The expression of dCAT(1) in MKN28 and MKN45 cells significantly inhibited the invasion, but not in TMK-1 cells. In contrast, the expression of MT1-MMP enhanced invasion in all three cell lines. Both MKN28 and MKN45 cells activated proMMP-2 and it was inhibited by dCAT(1) which was similar to HT1080 cells, although TMK-1 cells showed no ability to activate proMMP-2 (data not shown).
Transfectants were implanted s.c. into mice and tumor formation was monitored. The tumor growth of MKN28 and MKN45 cells was dramatically inhibited by dCAT(1) compared with the control cells as representative results show for MKN28 in Fig. 5A . On the other hand, dCAT(1) expression had no significant effect on the tumor growth of TMK-1 cells (Fig. 5B) . In contrast, the additional expression of MT1-MMP in these cells enhanced tumor growth as reported for many other tumor cells (Fig. 5B) .
Dissemination into the i.p. cavity is the central route for the spread of gastric carcinomas and a prime cause of recurrence (29, 30) . To examine the effect of dCAT(1) in the dissemination model, the gastric carcinoma cells were inoculated into the abdominal cavity and mice were sacrificed on the 28th day for analysis. All three cell lines formed metastatic nodules at the intra-abdominal caul, mesenterium, parietal peritoneal, and diaphragm. The expression of dCAT(1) in MKN28 and MKN45 cells resulted in a decrease in the number of nodules by 77% compared with mock-transfected cells as representative results for MT1-MMP-expressing cells (MKN28) show in Fig. 5C , but this was not the case for TMK-1 cells (Fig. 5D) . In contrast, the exogenous expression of MT1-MMP enhanced peritoneal spread in all cells. The survival of mice bearing MKN28 expressing dCAT(1) was significantly extended compared with the controls, but cells expressing MT1-MMP (MT1) shortened survival (Fig. 5E ). Mice inoculated with TMK-1 cells expressing dCAT (1) showed no difference in survival compared with the control, although MT1-MMP-expressing cells shortened it (Fig. 5F) .
Specificity of the Antitumor Effect of dCAT (1) The expression of dCAT (1) in three cell lines (HT1080, MKN28, and MKN45) that express endogenous MT1-MMP suppressed tumor growth in mice. However, dCAT(1) had almost no effect on TMK-1 cells that express an undetectable level of endogenous MT1-MMP. Thus, the effect of dCAT(1) seems to be specific to cells employing endogenous MT1-MMP as a driving force for their growth in vivo. It is apparent that TMK-1 cells are not using MT1-MMP for their tumor growth, but the enforced expression of MT1-MMP enhanced growth, suggesting that the cell can exploit the enzyme for growth (Fig. 5B and D) . To confirm whether the antitumor activity of dCAT (1) is the result of its antagonistic action against MT1-MMP, we C, the same sections were immunostained for proliferation marker Ki-67 (Â200; top ). Bar, 100 Am. Positive cells were counted and presented as the mean F SE (bottom ).
established three independent stable transfectants expressing FLAG-tagged MT1-MMP by integrating the gene into the chromosome (MT1-1 to MT1-3) and used them to ask whether dCAT(1) could abolish the tumor-promoting effect by MT1-MMP.
Mock-transfected TMK-1 cells had no ability to activate proMMP-2 as parental cells (Mock, Fig. 6A and B) , whereas transfected cells expressing MT1-MMP did (MT1-1, -2, and -3, Fig. 6A and B) . As expected, activation was inhibited by an excessive amount of TIMP-2. The additional expression of dCAT(1) in TMK-1 cells transfected with MT1-MMP (Fig. 6A) abolished the activation (Fig. 6B ). An inhibitory effect of dCAT (1) was observed with the Matrigel invasion assay (Fig. 6C) . Enhanced invasion by MT1-MMP was canceled by dCAT(1) to the level of mock-transfected cells (Mock).
Transfected TMK-1 cells were then inoculated into mice. s.c. tumor growth and peritoneal spread were enhanced by the expression of MT1-MMP (MT1-1/Mock) reproducing the results in Fig. 5 (Fig. 6D and E) . Further expression of dCAT (1) 
Discussion
MT1-MMP is a potent modulator of the pericellular environment that regulates tumor cell proliferation and invasion (1, 2, 8, 31 ). MT1-MMP mutants lacking the catalytic domain have been reported to abrogate the functions of MT1-MMP such as the activation of proMMP-2 and degradation of collagen I at least in vitro (11, 20, 32) . In this study, we applied the mutants to mouse tumor models to clarify whether MT1-MMP dysfunctions in tumor cells by mutants contribute to tumor suppression in vivo. Among the tested constructs, the membrane-anchored forms of dCAT (1) and dCAT(1)gpi showed antitumor activity against HT1080 cells (Fig. 3) , although the effect of dCAT (1)gpi was low. The mutant effect in mice showed a good correlation with the activity to counteract MT1-MMP functions in vitro, such as the inhibition of proMMP-2 activation, invasion into Matrigel, and proliferation into collagen gel (Fig. 2) . Thus, it is likely that the antitumor activity of dCAT(1) reflects its dominant-negative effect against endogenous MT1-MMP as observed in vitro (11, 20, 32) . Membrane anchoring is important, presumably because mutants can compete with endogenous MT1-MMP more effectively when they are on the cell surface. Although dCAT(1)gpi showed weaker activity than dCAT(1), it is not clear whether the transmembrane and cytoplasmic portions play a role in this competition or merely indicate weaker membrane anchoring. However, it is of note that MT1-MMP lacking the cytoplasmic tail could activate proMMP-2 but failed to promote the invasion into Matrigel, whereas it had no effect on invasion into collagen I (26) .
The specificity of the antitumor effect of dCAT(1) was also observed with gastric carcinoma cells. The antitumor activity of dCAT (1) (13, 33, 34) .
As additional information, we found that TMK-1 cells expressed MT2-MMP about 5-fold higher than the other three cell lines (data not shown). MT2-MMP, like MT1-MMP, is reported to activate proMMP-2 and contributes to the cell's ability to invade the collagen matrix (12) . Because CD44 shedding by MT2-MMP can be inhibited by dCAT(1) (data not shown) or by a similar deletion construct (35) , it is possible that dCAT(1) can also inhibit some functions of MT2-MMP in TMK-1 cells. However, MT2-MMP expressed in TMK-1 cells may not be used actively, because the cells could not activate proMMP-2 even after treatment with concanavalin A. Although the effect of dCAT(1) seems to be specific to MT1-MMP expressed in tumor cells, it is possible that the expression of dCAT(1) affects the functions of other proteins that share interacting partners with MT1-MMP. Despite this possibility, dCAT(1) showed no effect on TMK-1 cells in culture and in vivo.
Many potential substrates of MT1-MMP have been reported (1, 8, 36) , although it is difficult to test them all for dCAT (1) . dCAT(1) inhibited at least proMMP-2 activation, cell growth in collagen matrix, and invasion against Matrigel as shown in Fig. 2 . However, it is possible that the expression of dCAT(1) affects a wider range of proteolytic events by MT1-MMP on the cell surface and contributes to antitumor activity as a whole. Among the inhibitory activities of dCAT(1), the inhibition of collagenase activity of MT1-MMP may directly reflect the effect in vivo as proposed by Hotary et al. (13) . However, this does not necessarily mean that the effect of dCAT(1) on other substrates has negligible antitumor activity. In particular, it should be noted that the antitumor activity of dCAT(1) in mice is greater than in the proliferation assay with collagen gel.
Many synthetic MMP inhibitors have been developed, although a series of clinical trials recently ended in disappointment (5, 7, 37) . This is not surprising because MMPs have diverse functions depending on the enzymes, cells, and tissues (1). In tumor-bearing patients, certain MMPs may be important in tissue repair and host defense systems rather than promoting malignant tumors (3, 38, 39) . Thus, knowing which MMP should be targeted for cancer therapy is important for us to overcome a deadlock situation. This study showed that MT1-MMP expressed in tumor cells is an appropriate target for therapy and functional inhibition of the enzyme can be attained by using a dominant-negative type of mutant. The results also suggest an alternative approach to inhibit MT1-MMP without using synthetic MMP inhibitors, such as gene therapy delivering the dCAT(1) gene to tumors and antibodies to prevent the enzyme from interacting with substrates and modulator proteins.
